Abstract. Swainsonine, an extract from Astragalus membranaceus, exhibits broad inhibition of growth and pro-apoptotic activity in a number of tumor types. However, the underlying mechanism involved remains unclear. To investigate the effects and mechanisms of swainsonine on hepatocellular carcinoma (HCC), we performed experiments on HepG2, SMCC7721, Huh7 and MHCC97-H human hepatoma and HL-7702 human hepatocyte cells. We observed that swainsonine significantly inhibited the viability of human hepatoma cells in a dose-and time-dependent manner, but did not affect human hepatocytes. Due to their highly proliferative and tumorigenic nature, we selected MHCC97-H cells as a model system to examine. Swainsonine significantly inhibited MHCC97-H cell growth by causing cell cycle arrest at the G0/G1 phase and the induction of apoptosis. Blockage of G0/G1 phase was accompanied by a decrease in cyclins (D1 and E) and cyclin-dependent kinases (Cdk2 and Cdk4) and an increase in the Cdk inhibitors p21 and p27. Furthermore, swainsonine enhanced the apoptosis of MHCC97-H cells with the induction of the upregulation of Bax and the downregulation of Bcl-2, whereas the expressionof Fas and Fas-L remained almost unchanged. These changes were accompanied by the enhanced cytoplasmic accumulation of nuclear factor κB (NF-κB) with a concomitant decrease in the nuclear fraction. Importantly, swainsonine also potentiated the cytotoxic effects of paclitaxel in vitro and in vivo, in part, by restricting the paclitaxel-induced nuclear accumulation of NF-κB. Taken together, these results suggest that swainsonine may be an important agent against HCC via directly inhibiting HCC cell growth and enhancing the responsiveness of HCC cells to paclitaxel.
Introduction
Hepatocellular carcinoma (HCC) is one of the most frequent causes of death from solid tumors in the world, particularly in China (1, 2) . Currently, surgical intervention, including hepatic resection and liver transplantation, is the only therapy considered to provide a cure. However, only a few patients are diagnosed early enough to take advantage of that option. Therefore, the prognosis of HCC patients remains extremely poor, with a 5-year survival rate of only 5% (3) . Chemotherapy is often used in conjunction with surgery and radiation (4) . However, HCC is a type of cancer with high resistance to conventional anticancer agents. Paclitaxel is one of the most effective anticancer drugs discovered in the past few decades. For a number of years it has been clinically used in the treatment of various cancers, including HCC (5) . However, chemoresistance due to paclitaxel-induced nuclear factor κB (NF-κB) activation is an important cause of suboptimal therapeutic effect (6) . Therefore, the search for new effective chemopreventive and chemotherapeutic agents with the ability of directly inhibiting HCC cell growth or enhancing the anticancer activity of conventional chemotherapeutic agents is urgent.
Accumulating data suggest that a number of signaling elements, such as NF-κB (7), TLR-4 (8), Ras (9) and Akt (10) , not only promote cancer progression but also confer chemoresistance. Among these signaling elements, NF-κB is one of the most investigated transcription factors, the activation of which has been found to control multiple cellular processes in cancer. Currently, many researchers have reported that NF-κB activation plays a facilitating role in cell cycle progression and apoptotic resistance. Additionally, chemotherapy-induced activation of NF-κB may blunt the ability of chemotherapy itself (11, 12) . Therefore, the inhibition of NF-κB may be an effective treatment strategy for inhibiting tumor growth and progression as well as in restoring the sensitivity of cancer cells to cytotoxic drugs (13) .
With the above findings in mind, we speculated that new strategies with NF-κB suppression activity, which directly inhibits cancer cell growth and restores the sensitivity of cancer cells to the number of cytotoxic drugs (such as paclitaxel), may be an effective method for treating HCC. Swainsonine, a new class of compounds that display a wide range of pharmacological effects, has been under extensive research to examine its potential anticancer and therapeutic biological activities. A number of swainsonine-related studies confirmed that swainsonine may inhibit growth and induce apoptosis in tumor cells (14) (15) (16) . However, the detailed mechanism underlying the use of swainsonine as an anticancer drug, especially through inhibition of NK-κB activation, remains unknown. Therefore, an in-depth study is required. Nevertheless, research reports regarding anti-HCC activity and related mechanisms remain scarce. To determine the direct anti-HCC effect of swainsonine, the underlying molecular mechanisms and whether swainsonine sensitizes HCC cells to paclitaxel, we evaluated the effectiveness of swainsonine alone or in combination with paclitaxel in vitro and in vivo. To the best of our knowledge, our results provide for the first time evidence that swainsonine is a reliable candidate for chemotherapeutic treatment of HCC that should be further investigated.
Materials and methods
Sample preparation. Endotoxin-free synthetic swainsonine (purity over 99%) was supplied by Sigma (St. Louis, MO, USA). The structure of this compound is shown in Fig. 1 . Swainsonine was prepared in Ca 2+ -free and Mg 2+ -free phosphate-buffered saline (PBS), sterilized by ultrafiltration and stored at -20˚C until diluted to the final concentration in fresh medium before each experiment.
Cell lines and cell culture. Human hepatoma HepG2, SMCC7721, Huh7 and MHCC97-H cells and human hepatocyte HL-7702 cells (maintained in our laboratory, originally obtained from the Cell Bank of the Type Culture Collection of Chinese Academy of Sciences) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA), penicillin (100 IU/ml), streptomycin (100 µg/ml) and trypsin (400 IU/l). These were cultured at 37˚C in 5% CO 2 and 95% humidified air. The medium was changed every 2 days. After reaching ~60-70% confluence, the cells were treated with different concentrations of swainsonine as indicated in Results.
MTT assay for cytotoxicity. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed to determine the number of viable cells. The cells were cultured in 96-well plates at a density of 4x10 3 cells/well with fresh medium containing swainsonine at the indicated concentrations (0.06, 0.12, 0.24, 0.48 and 0.96 µg/ml). After treatment for 24, 48 or 72 h, MTT solution was added to each well (5 mg/ml) and incubated at 37˚C for 4 h. The MTT-formazan product dissolved in dimethyl sulfoxide (DMSO) was measured at a wavelength of 490 nm with a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA). The reduction in the viability of the swainsonine-treated cells was expressed as the percentage compared with swainsonine-free control cells.
Ki-67 expression analysis for the cellular growth. Flow cytometric analysis was performed for Ki-67 studies as previously described (17) . Briefly, following incubation with 0.00, 0.09, 0.17 and 0.33 µg/ml of swainsonine for 24 h, MHCC97-H cells treated with or without swainsonine were harvested, fixed in 70% (v/v) ethanol, washed and incubated for 20 min with 1% bovine serum albumin (BSA). Then, the cells were incubated with 1:200 diluted anti-Ki-67 (FITC-conjugated; Bioscience, Beijing, China). Data were obtained and analyzed by flow cytometry (Becton-Dickinson, San Jose, CA, USA).
Effects of swainsonine on cell cycle progression and apoptosis. To explore whether the growth inhibitory effect of swainsonine was caused by cell cycle arrest and apoptosis, cell cycle distribution and Annexin V analyses were utilized.
Cell cycle distribution analysis. Following incubation with 0.00, 0.09, 0.17 and 0.33 µg/ml of swainsonine for 24 h, MHCC97-H cells treated with or without swainsonine were harvested by trypsinization and fixed with ice-cold 70% ethanol for 48 h at 4˚C. After being rinsed twice with PBS, the cells were treated with RNase A at 1 mg/ml for 30 min at 37˚C. After staining with 40 µl of 0.1 mg/l propidium iodide (PI), stained cells were subjected to flow cytometric analysis.
Western blot analysis for cell cycle regulatory proteins. The cells were processed for protein extraction and western blot analysis as previously described (17) . The primary antibodies were anti-cyclin D1 (diluted 1:500, rabbit polyclonal), anti-cyclin E (diluted 1:300, mouse monoclonal), anti-cyclindependent kinase (Cdk) 2 (diluted 1:300, mouse monoclonal), anti-Cdk 4 (diluted 1:300, mouse monoclonal), anti-p21 (diluted 1:200, mouse monoclonal), anti-p27 (diluted 1:200, mouse monoclonal) (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (diluted 1:400, rabbit monoclonal C-2; Santa Cruz Biotechnology).
Apoptotic cell determination. An Annexin V-FITC/PI apoptosis detection kit (Annexin V-FITC/PI staining kit; Immunotech Co., Marseille, France) was used for the detection of cell apoptosis. In brief, 1. according to the manufacturer's instructions and analyzed by flow cytometry.
Morphological evaluation of apoptotic MHCC97-H cells.
The cells were treated with swainsonine for 24 h at concentrations of 0.00 (PBS, vehicle as control) and 0.33 µg/ml. Morphological changes were observed with an inverted microscope (Olympus Corp., Tokyo, Japan). The Hoechst 33342 staining technique was used to analyze the alterations in the nuclear morphology of cells. Different interfered cells were washed in PBS and fixed in 70% ethanol for 2 h at 4˚C. Cell nuclei were stained with 5 µg/ml Hoechst 33342 (Sigma). After staining with Hoechst 33342, the changes in nuclear morphology were visualized by fluorescence microscopy (Olympus Corp.). The ultrastructure morphological change was evaluated by transmission electron microscopy (TEM) as described below. The cells were collected and fixed in 2.5% glutaraldehyde, precooled at 4˚C and stored at 4˚C overnight. Then the cells were dehydrated, embedded, cut into ultrathin sections and stained routinely. The stained sections were scanned with an electron microscope (JEM-2000EX, JEOL Ltd., Tokyo, Japan) for ultrastructure observations.
Western blot analysis of apoptosis regulatory proteins.
Apoptosis-related gene fusion proteins were identified by western blot analysis. The specific primary antibodies were anti-Bax (diluted 1:300, mouse monoclonal), anti-Bcl-2 (diluted 1:300, mouse monoclonal), anti-Fas (diluted 1:300, mouse monoclonal) and anti-Fas-L (diluted 1:300, rabbit polyclonal) (all from Santa Cruz Biotechnology).
Western blot analysis for the effects of swainsonine on the activation of NF-κB in MHCC97-H cells.
The preparation of cytoplasmic and nuclear extracts was performed using the Nuclear Extract kit (HyClone-Pierce, South Logan, UT, USA) according to the manufacturer's instructions. To measure nuclear NF-κB/p65 and cytoplasmic NF-κB/p65 expression, western blot analysis was performed. Related fusion proteins were identified using anti-NF-κB/p65 (diluted 1:500, rabbit monoclonal; Cell Signaling Technology, Beverly, MA, USA) primary antibody.
Effects of swainsonine on chemosensitization of HCC for paclitaxel toxicity.
To confirm the sensitization to paclitaxel toxicity from swainsonine in vitro, MHCC97-H cells were treated with swainsonine (0.03 µg/ml), paclitaxel (10 ng/ml; Beijing Sihuan Pharmaceutical Co., Ltd., Beijing, China) or swainsonine (0.03 µg/ml) plus paclitaxel (10 ng/ml) for 24 h and the effect on growth inhibition was examined using the cell viability assay described above. In vivo, female athymic nude mice (6-8 weeks old) were maintained in pathogenlimited conditions at the animal resources center at the Fourth Military Medical University. The Local Animal Care and Use Committee of the Fourth Military Medical University approved all animal experimental procedures. MHCC97-H cells (1x10 7 in 0.1 ml of serum-free growth medium) were inoculated s.c. on the left side of the armpit. The injection procedure took 2-3 min; all mice recovered in <5 min without showing signs of stress or casualty. All mice were monitored for 5 min after cell administration and were returned to their cages. Two weeks after tumor cell implantation, 40 tumor-bearing mice were randomly divided into four groups and received one of the following treatments by a single i.p. injection into the lower right quadrant of the peritoneum. One group of mice (n=10) was treated with swainsonine (1 mg/kg) thrice weekly plus paclitaxel (5 mg/kg) weekly for 4 weeks. A second group of mice (n=10) was treated with swainsonine alone (1 mg/kg) thrice weekly for 4 weeks. A third group (n=10) was treated with paclitaxel alone (5 mg/kg) weekly for 4 weeks. The control group (n=10) received normal saline. Tumor size was measured twice weekly. Tumor volume (V) was calculated using the following formula: V = (a x b x c)/2, are a and b were the shorter and longer diameters of each tumor, respectively and c was the thickness. At the end of the experiment, mice underwent euthanasia with CO 2 . The tumors of each group were harvested to profile the gene expression associated with growth (Ki-67; Santa Cruz Biotecnhology) and apoptosis (Bax and Bcl-2; Santa Cruz Biotecnhology) by western blot analysis. To identify whether swainsonine chemosensitizes HCC to paclitaxel-induced cytotoxicity via attenuating the constitutive activation of NF-κB, we also examined its cellular localization in paclitaxel (alone or in combination with swainsonine)-treated MHCC97-H cells.
Statistical analysis. The significance of differences between the groups was determined with one-way ANOVA (SPSS10.0 statistical software). The results with a P-value ≤0.05 were considered statistically significant. Data are expressed as the mean ± standard error of the mean (SEM) of separate experiments (n ≥3, where n represents the number of independent experiments).
Results

Cytotoxicity of swainsonine in both human hepatoma and HL-7702 cells.
The MTT experiment confirmed that human hepatoma cells were sensitive to swainsonine and that swainsonine inhibited the growth of human hepatoma cells in a dose-and time-dependent manner. As shown in Fig. 2 , exposure of hepatoma cells to different concentrations of swainsonine (0.06-0.96 µg/ml) at different time points resulted in a statistically significant change in cell viability (n=3, P<0.05). The IC 50 value at 24 h post-treatment with swainsonine for HepG2, SMCC7721, Huh7 and MHCC97-H cells was 0.43, 0.41, 0.39 and 0.33 µg/ml, respectively. However, different concentrations of swainsonine had no significant toxic effects on hepatocytes for the different time periods (n=3, P>0.05). Therefore, swainsonine reduced the viability of hepatoma cells but was only slightly toxic to HL-7702 hepatocyte cells. Taking into account the more aggressive and highly metastatic nature of HCC, MHCC97-H cells were then selected as a model system with which to conduct mechanistic studies in vitro and in vivo.
Swainsonine inhibits the growth of MHCC97-H cells. The effects of swainsonine on the growth of MHCC97-H cells were examined through the analysis of Ki-67 expression ( Fig. 3A and B) . Our data demonstrated that a considerable decrease in the level of expression of Ki-67 occurred in a dosedependent manner after 24 h of swainsonine treatment. These outcomes suggest that treatment with swainsonine results in the inhibition of cell growth of MHCC97-H cells.
Effects of swainsonine on cell cycle progression and apoptosis Swainsonine induces cell cycle arrest in MHCC97-H cells.
Dose-response analysis was performed, whereby MHCC97-H cells were exposed to increased concentrations of swainsonine for 24 h. As shown in Fig. 4 and Table I , following incubation with different concentrations of swainsonine, the proportion of cells in the G0/G1 phase increased substantially compared to the control group; while the number of cells in the S and G2/M phase were reduced to some extent within 24 h (n=3, P<0.05), suggesting G0/G1 phase arrest. Our data suggest that swainsonine inhibits MHCC97-H cell growth by blocking the G0/G1 to S phase transition in the cell cycle in a dosedependent manner.
Swainsonine alters the expression of cell cycle-associated proteins. Cyclins (D1 and E), Cdk2, Cdk4 and Cdk inhibitors, p21 and p27 are important for cell growth and are key signaling proteins in cell cycle progression. We investigated whether swainsonine blocks the G0/G1 to S phase transition through altering the expression of these proteins. As shown in Fig. 5 , swainsonine induced a dose-dependent decrease in cyclin D1, cyclin E, Cdk2 and Cdk4 protein levels, while an increased expression of p21 and p27 was observed after swainsonine treatment. Taken together, these results indicate that swainsonine decreased growth by blocking cell cycle progression via the upregulation of p21 and p27 and/or the downregulation of cyclin D1, cyclin E, Cdk2 and Cdk4 expression.
Swainsonine induces apoptosis in MHCC97-H cells.
We assessed the apoptotic rate of the cells treated with different concentrations of swainsonine for 24 h using the Annexin V/PI staining assay. The results (Fig. 6 and Table II) indicated that after swainsonine treatment for 24 h, viable cells decreased clearly and the proportion of early and late apoptotic cells increased (n=3, P<0.05) in a dose-dependent manner. These results showed that swainsonine significantly increased apoptosis.
Swainsonine induces apoptotic morphological changes in MHCC97-H cells.
Morphological analyses showed that MHCC97-H cells underwent marked morphological changes after incubation with swainsonine. Bright field observations revealed that cells treated with swainsonine (0.33 µg/ml) became round, shrunken and detached from the surface of the flask (Fig. 7A) . Subsequently, Hoechst 33342 staining also revealed characteristic morphological features, for example, the cells shrank, became circular, intensely fluorescent, fragmented and had condensed nuclei when treated with swainsonine (Fig. 7B) . The apoptotic features of cells were further confirmed by electron microscopy. Cells were smaller in size, lost microvilli, had irregular cell outlines, had condensed, fractured and marginalized chromatin and had increased numbers of lysosomes (Fig. 7C) . The morphological changes observed were consistent with changes associated with apoptosis.
Swainsonine alters the expression of apoptosis-related proteins.
To further clarify the apoptotic mechanisms of human hepatoma cells induced by swainsonine treatment, we analyzed the proteins of MHCC97-H cells treated with different concentrations of swainsonine using western blot assay. We found that the expression levels of Fas and Fas-L were not changed significantly (n=3, P>0.05). Furthermore, we observed a dose-dependent reduction in the levels of the anti-apoptotic protein Bcl-2, whereas a concomitant increase in the level of pro-apoptotic protein Bax was observed (Fig. 8) (n=3, P<0.05). The results indicate that swainsonine induces apoptosis in MHCC97-H cells mainly through a mitochondriamediated internal pathway.
Swainsonine attenuates the constitutive activation of NF-κB in MHCC97-H cells.
Since NF-κB activation controls the expression of a number of genes involved in cell growth and survival through direct and indirect mechanisms, we investigated whether the treatment of HCC cells with swainsonine has an impact on NF-κB activation in HCC cells. We revealed that swainsonine treatment caused a marked and dose-dependent increase in NF-κB levels in the cytoplasmic fraction of MHCC97-H cells with a simultaneous decrease in the nuclear fraction (Fig. 9) . The results indicate that swainsonine suppresses constitutive activation of NF-κB in HCC cells.
Swainsonine chemosensitizes HCC to paclitaxel-induced cytotoxicity. Since chemoresistance, due to paclitaxel-induced NF-κB activation, is an important cause of a suboptimal therapeutic effect we investigated whether swainsonine acts as a chemosensitizer in HCC in vitro and in vivo. At a concentration of 0.03 µg/ml, swainsonine did not significantly inhibit the growth of the MHCC97-H cell line after 24 h of treatment (Fig. 10A) . We performed further cell viability analysis in the MHCC97-H cells incubated with paclitaxel alone or swainsonine plus paclitaxel. As noted in Fig. 10A , paclitaxel treatment alone inhibited the growth of MHCC97-H cells, while combined treatment with swainsonine led to a significant enhancement in the inhibitory effects of paclitaxel. This suggests that swainsonine at a concentration of 0.03 µg/ml does not trigger apoptosis alone, but is capable of sensitizing a cell response to paclitaxel. Furthermore, the in vivo antitumor activity of the paclitaxel/ swainsonine combination was evaluated in nude mice xenografts. The optimum doses of paclitaxel and swainsonine used in this study were adopted according to our preliminary experiments (data not shown). We found that paclitaxel alone inhibited the growth of established tumors, while combined treatment of paclitaxel plus swainsonine resulted in a more significant suppression of established tumors compared to paclitaxel or swainsonine alone (P<0.05). Swainsonine alone at low concentrations was unable to significantly inhibit tumor growth in the xenograft-bearing mice ( Fig. 10B and C) . We further analyzed the growth-and apoptosis-related molecules of tumors in each group. Importantly, we found that tumors treated with paclitaxel plus swainsonine showed lower Ki-67 and Bcl-2, with higher Bax levels in comparison to tumors treated alone with paclitaxel or swainsonine (Fig. 10D ) (P<0.05). Our data demonstrated that treatment with swainsonine increased the efficacy of the paclitaxel-induced inhibition of tumor xenografts in mice. In addition, we also determined the cellular localization of NF-κB in paclitaxel (alone or in combination with swainsonine)-treated MHCC97-H cells. Our data showed that paclitaxel induced an enhanced accumulation of NF-κB in a nuclear compartment and a concomitant decrease in cytoplasmic fraction in a dose-dependent manner (Fig. 10E) . However, swainsonine was effective in inhibiting this paclitaxel-induced activation of NF-κB in MHCC97-H cells (Fig. 10F) . Our data indicate that swainsonine may be an important chemotherapeutic agent for HCC and that it potentiates the anticancer efficacy of paclitaxel by acting as a chemosensitizer.
Discussion
Despite many years of intensive research, HCC remains a devastating malignancy due to the lack of effective therapy. Systemic chemotherapy is the only remaining option, especially for patients with inoperable or metastatic disease.
Although systemic drugs have been tested for patients with HCC, the prognosis of these patients is not yet favorable. Most patients with advanced HCC are destined to develop resistance to conventional anticancer agents. Therefore, the development of new drugs with the ability to directly inhibit cancer cell growth or potentiate the cytotoxic effect of other agents for the treatment of HCC is required (18) . Recently, chemotherapy and other intervention strategies using naturally occurring agents have emerged as a promising alternative option to improve the quality of life for HCC patients (19) . Swainsonine, an extract from Astragalus membranaceus, is a known potent and specific inhibitor of lysosomal acid and Golgi α-mannosidase II (20) . Golgi α-mannosidase II is an important member of the N-glycosylation pathway, which is associated with the progression, metastasis and clinical outcome of a number of cancer types. Thus, the inhibition of Golgi α-mannosidase II has shown clinical potential in cancer treatment (21) . Recently, numerous studies have suggested through the expression changes of apoptosis-related genes in vivo that swainsonine has potential for treating glioma and gastric carcinoma through the mechanism of induced apoptosis. Additionally, initial clinical research has confirmed a clear curative effect against pate malignant tumor and chest and abdominal lymphangioma (14) (15) (16) . Evidence indicates that swainsonine is a potent anticancer agent and the anticancer action of swainsonine may result from the co-operation of a number of pathways. However, a phase II clinical trial of GD0039 (a hydrochloride salt of swainsonine) in 17 patients with renal carcinoma was discouraging (22) . The reason for the disparity is unknown; however, it may be due to the different types of cancer. Despite the controversy surrounding its efficacy, swainsonine may be considered a satisfactory candidate drug for cancer targeting therapy. Further studies regarding this agent may possibly lead to its clinical application.
Although numerous literature exists regarding swainsonine acting on hepatoma cells, these studies applied swainsonine on hepatoma cells for the related research of oligosaccharides (23, 24) . Reports investigating the roles of swainsonine in anti-HCC therapy, particularly regarding the molecular mechanisms do not exist. Therefore in this study, we focused on investigating the direct anti-HCC action of swainsonine and the potential pathways involved. Furthermore, we investigated whether swainsonine chemosensitizes HCC to paclitaxel-induced cytotoxicity via attenuating the constitutive activation of NF-κB.
Cancer is known as a disease for deregulating signal transduction pathways that regulate fundamental processes such as cell growth (25) . In the last few years, accumulating data also suggest that the regulation of intracellular growth signaling events may be controlled by the progression of the cell cycle and apoptosis (26) . In addition, current cytotoxic therapies such as chemotherapy, radiotherapy or immunotherapy critically depend on inducing cell cycle arrest and cancer cell apoptosis (27) (28) (29) . Hence, a therapeutic strategy aimed at the cell cycle and apoptosis is expected to provide an effective treatment for cancer.
In this research, we demonstrated that the treatment of HCC cells with swainsonine reduces the viability of hepatoma cells, but induced little or no cytotoxicity to hepatocytes. Furthermore, using flow cell cytometric analysis techniques, we showed that swainsonine inhibited the growth of MHCC97-H cells accompanied by increasing the number of cells in the G0/G1 phases and decreasing the number of cells in the S and G2/M phases. Cell cycle is regulated by the concerted actions of cyclins, Cdks and Cdk inhibitors (30) . The physiological process of cell cycle from phase G1 to S is controlled at several steps by cyclin D1, cyclin E, Cdk2 and Cdk4 (31) . As cell cycle suppressor molecules, the important function of p21 and p27 is to induce cell cycle arrest by forming heterotrimeric complexes with G1-S Cdks and cyclins to inhibit their activity (32) . Our western blot results indicated that cyclin D1, cyclin E, Cdk2 and Cdk4 were downregulated and that p21 and p27 were upregulated by swainsonine treatment. However, our results are not in total agreement with data obtained by Sun et al (16) , who reported that swainsonine induced tumor cell arrest in S phase. This indicates that swainsonine may induce different types of cell cycle arrest in different cell types. Cell cycle regulation is complicated and cell-specific. Further study is essential to disclose the mechanism of swainsonine on cell cycle arrest.
There is growing evidence that apoptosis failure may be involved in the pathogenesis of cancer. The ability of tumor cells to evade the engagement of apoptosis may also play a significant role in their resistance to conventional therapeutic regimens (33) . Therefore, a therapeutic strategy aimed at specifically triggering apoptosis in cancer cells may have a potential therapeutic effect. In our study, we observed a significant induction of apoptosis in swainsonine-treated MHCC97-H cells, indicating that swainsonine potentiates the apoptotic machinery. There are two classic apoptotic pathways in mammalian cells, namely, the mitochondria-mediated apoptotic and the death receptor-mediated apoptotic pathway (34) . Both apoptotic pathways are gene-regulated. We observed that the treatment of MHCC97-H cells with swainsonine resulted in the upregulation of Bax levels, along with the reduction in Bcl-2. However, the expression levels of Fas and Fas-L were not changed significantly. The results showed that swainsonine induced apoptosis in MHCC97-H cells mainly through the mitochondria-mediated pathway.
Constitutive activation of NF-κB has been described in a number of solid tumors, including HCC. This activation is involved in the regulation of transcription of various genes involved in cell growth and apoptosis (35) . Depending on the specific role of NF-κB in the cell cycle and apoptosis, we investigated whether NF-κB was involved in the inhibition of HCC cell growth by swainsonine. Our results showed that swainsonine-induced inhibition of cell growth, cell cycle arrest and apoptosis were accompanied by a significant inactivation of NF-κB. Several other studies have also shown that NF-κB induces the expression of cyclin D1, Bcl-2 and Bcl-xL (36) . Our results showed that the expression levels of cyclin D1 and Bcl-2 were reduced when cells were treated with swainsonine and this occurred at least partially via the inactivation of NF-κB signaling. Therefore, it may be suggested that the inhibition of HCC cell growth by swainsonine is possibly mediated through the inhibition of NF-κB.
In addition, the activation of NF-κB plays an important role in the development of drug resistance. Currently, many researchers have focused their efforts on exploring chemosensitizing drugs, with NF-κB suppression activity, used in combination with other chemotherapeutic agents for effective management of HCC (37) . Paclitaxel is a useful chemotherapeutic drug for the treatment of patients with a variety of malignant tumors (38) . However, chemoresistance due to paclitaxel-induced NF-κB activation is an important cause of the limits of paclitaxel efficacy (39) . Several reports have shown the advantage of combination treatments (40) . In this study, we showed the chemosensitizing effect of swainsonine on MHCC97-H cells to paclitaxel toxicity in vitro and in vivo. Combination treatment was significantly superior to paclitaxel or swainsonine alone. In this study, we also revealed that combination treatment of paclitaxel and swainsonine is associated with the inhibition of NF-κB activity.
In conclusion, the present study demonstrated that swainsonine significantly inhibits the growth of HCC cells by causing cell cycle arrest and the induction of apoptosis. Swainsonine causes G1 phase cell cycle arrest and the induction of apoptosis by altering the cell cycle and expression of associated survival proteins. Furthermore, our study suggests a role of swainsonine in chemosensitizing HCC cells to the cytotoxic effects of paclitaxel. Suppression of NF-κB activation may be one of the mechanisms involved in the swainsonine-induced inhibition of growth and chemosensitizing effects in HCC cells. Our study provides important data with which to evaluate the possible clinical application of swainsonine as a novel anti-HCC agent. Further studies are in progress in our laboratory to provide additional data for clinical application.
